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Loiasis (African Eye Worm) is a filarial infection caused by Loa loa and transmitted
by Chrysops vectors, which are confined to the tropical rainforests of Central and West
Africa. Loiasis is a major impediment to control and elimination programmes that use the
drug ivermectin due to the risk of serious adverse events. There is an urgent need to better
refine and map high-risk communities. This study aimed to quantify and predict
environmental factors associated with loiasis across five bioecological zones in
Cameroon. The L. loa microfilaria (mf) prevalence (%) and intensity (mf number/ml) data
from 42 villages within an Equatorial Rainforest and Savannah region were examined in
relation to climate, topographic and forest-related data derived from satellite remote
sensing sources. Differences between zones and regions were examined using
nonparametric tests, and the relationship between L. loa mf prevalence, mf intensity,
and the environmental factors using polynomial regression models. Overall, the L. loa mf
prevalence was 11.6%, L. loa intensity 927.4 mf/ml, mean annual temperature 23.7°C,
annual precipitation 2143.2 mm, elevation 790 m, tree canopy cover 46.7%, and canopy
height 19.3m. Significant differences between the Equatorial Rainforest and Savannah
region were found. Within the Equatorial Rainforest region, no significant differences were
found. However, within the Savannah region, significant differences between the three
bioecological zones were found, and the regression models indicated that tree canopy
cover and elevation were significant predictors, explaining 85.1% of the L. loa mf
prevalence (adjusted R2 = 0.851; p<0.001) and tree cover alone was significant,
explaining 58.1% of the mf intensity (adjusted R2 = 0.581; p<0.001). The study
highlights that environmental analysis can help delineate risk at different geographical
scales, which may be practical for developing larger scale operational plans for mapping
and implementing safe effective interventions.
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Loiasis is a filarial nematode infection caused by the parasite Loa
loa and transmitted by tabanid flies of the genus Chrysops (1–3).
It is largely confined to the tropical rainforests of Central and
West Africa, where an estimated 30 million people live in
moderate to high risk areas, predominately in Cameroon,
Democratic Republic of Congo, Gabon and Nigeria. Currently,
loiasis is of public health importance due to the risk of serious
adverse events (SAEs) associated with ivermectin-based
treatment for onchocerciasis and lymphatic filariasis
elimination programmes (2, 4) and may become important for
malaria control if the use of ivermectin is scaled up in co-
endemic areas (5).
The highest risk of SAEs occurs in high loiasis prevalence
communities, specifically in individuals with a high number of
L. loamicrofilaria (mf) i.e. mf intensity, in their peripheral blood.
Positive correlations between community mf prevalence and
intensity has been reported i.e. community mf prevalence of
20%, 30% and 40% corresponds approximately to 5%, 9% and
16% of adults with mf intensity >8000 mf/ml respectively, or 1%,
3% and 5-6% of adults with mf intensity >30,000 mf/ml
respectively, which are considered to be important SAE risk
thresholds (6, 7).
There is a need to better refine and map high-risk loiasis
communities to enable the deployment of new diagnostics,
alternative intervention and heightened care strategies (8, 9).
This is critical as loiasis covers a vast geographical area and many
high-risk communities are in remote hard-to-reach areas (2).
There is a need for more innovative cost-effective approaches,
and the availability of satellite remote sensing technology
provides an opportunity to use large-scale maps and modelled
data to examine factors associated with transmission (10).
Environmental factors are particularly important for vector-
borne diseases and understanding key drivers may help to
define their specific niche (11).
The rainforest is a key environmental driver of loiasis as it is
the Chrysops main habitat, with larvae found in leafy
undergrowth and adults in tree canopies ~8-28 m in height,
where there is patchy shaded light and cooler temperatures (12,
13). A recent study defined environmental parameters of the
main vectors Chrysops silacea and C. dimidiata, including mean
temperatures (24-25°C), precipitation (1849-1869mm), elevation
(369-401m), tree canopy cover (61-67%) and canopy height (22-
25m). MaxEnt models identified tree canopy cover as a
significant predictor of both species (14).
Several studies have stratified loiasis risk by ecological or
vegetative zones (15–17). In Nigeria, higher prevalences rates
were found in rainforest zones compared to mangrove and
savannah zones (18). In Gabon, higher L. loa mf prevalence
and intensities were found in forest ecosystem compared to
Savannah and Lakeland ecosystems (19). In Cameroon, higher L.
loa mf prevalence and intensities were unexpectedly found in
forested savannah bioecological zone compared with other
savannah or rainforest zones (20). All studies also found great
variations in risk within each zone.Frontiers in Tropical Diseases | www.frontiersin.org 2To better understand the environmental factors driving
transmission differences between and within ecological zones,
we used the georeferenced data available from the Cameroon
study to examine the relationship between L. loa mf prevalence
and intensity, and remote sensed satellite-derived data on land
cover, climatic, topographical and forest-related factors.METHODS
Study Site
The study sites were based on the Wanji et al. (20) study
conducted in the South-West and North-West Provinces of
Cameroon between February to July 2001 (data available in
Supplementary File 1). Two main regions with five
contrasting bioecological zones were differentiated by their
vegetation cover, hydrology, topography and human
settlements. The Equatorial Rainforest region in South-West
Province consisted of the deciduous equatorial rainforest
(DERF) and dense-humid equatorial rainforest (DHERF)
zones. The Savannah region in North-West Province consisted
of the grassland savannah (GS), mosaic forest savannah (MF)
and forested savannah (FS) zones.
In total, 42 villages were included across the two regions with
7-10 villages in each bioecological zone. The geographical
location of each village was defined in latitude and longitude
degrees and minutes. An error of 1.84 km was calculated
according to the value of a minute in the same latitude and
longitude, which resulted in a lack of precision and two villages
in the DHERF zone and two in the GS zone having the same
coordinates. It was not possible to retrospectively georeference
these villages accurately due to the lack of available information.
Loa loa Data
The 42 villages in the Equatorial Rainforest (n=16) and Savannah
(n=26) regions were selected as they had not received mass
ivermectin treatment for filarial diseases (20). In each village,
households were selected randomly from a central location, and
consenting residents aged ≥ 15 years old, who had lived in the
village for at least 5 years and had not taken filarial drugs were
invited to participate in the survey. Loa loa parasitological
assessment included the use of a standard thick film of 50µL
finger-prick blood collected between 10:00 - 16:00 and read
under a microscope to identify and count L. loa mf. In total,
4532 individuals were included in Wanji et al. (20) study, and all
individual data were included in the prevalence and intensity
calculations. For each village, the mean L. loamf prevalence (sum
of individuals with mf divided by number of individuals tested)
and L. loa mf intensity (arithmetic; sum of the mf per millilitre
(ml) of blood divided by number of individuals tested) of
infection were quantified and analysed in this current study.
Environmental Data
First, land cover data obtained from the GlobCover Project,
which provides global composite land cover maps including 22
numerical classes corresponding to specific land cover types atMay 2021 | Volume 2 | Article 668641
Badia-Rius et al. Loa loa Ecology in Cameroon300 metres (m) spatial resolution generated in 2005-2006 (©ESA/
ESA Globcover Project, led by MEDIAS-France/POSTEL; http://
due.esrin.esa.int/page_globcover.php) (21). The maps were used
to examine the L. loa prevalence distributions in relation to land
cover and determine the predominant land cover type in each
bioecological zone.
Second, climate, topographic and forest-related data derived
from satellite remote sensing sources were used to examine the
association with L. loa mf prevalence and intensity.
- Climate data included the annual mean temperature in degrees
Celsius (°C) and annual precipitation in millimetres (mm)
data obtained from WorldClim 1.4 - Global Climate Data
(http://www.worldclim.org) at 1 km resolution, which uses
interpolations of observed data between 1960 and 1990 (22).
- Topographical data included elevation in metres (m) at 1km
resolution obtained from the Global Land One-kilometer
Base Elevation (GLOBE) data set, published in 1999,
available from the National Centers for Environmental
Information – National Oceanic and Atmospheric
Administration (NOAA: https://www.ngdc.noaa.gov/mgg/
topo/globe.html) (23).
- Forest-related data included tree canopy cover and tree canopy
height. Tree canopy cover included data on the percentage
(%) of canopy closure for all vegetation taller than 5m in
height at 30m resolution, obtained from Global Forest
Change 2000–2016, version 1.4 (http://earthenginepartners.
appspot.com/science-2013-global-forest) (24). Tree canopy
height (m) included Global 1 km Forest Canopy Height
modelled data, produced in 2005 and obtained from ORNL
DAAC (https://webmap.ornl.gov/ogc/dataset.jsp?ds_id=
10023) (25).Analysis and Maps
All georeferenced villages and environmental data were imported
to QGIS 2.14.20 mapping software (https://qgis.org/). First, all
villages were mapped using the available latitude and longitude
coordinates, and L. loa mf prevalence data examined in relation
to the land cover distribution. A 3km buffer around each village
was created using the QGIS geoprocessing spatial tool, and land
cover numerical class data within each buffer extracted using the
Zonal Statistics Raster Analysis tool. From the numerical data,
the main type of land cover was determined for each village and
bioecological zone.
Second, the mean annual temperature, annual precipitation,
elevation, tree canopy cover and tree canopy height data within
each village 3km buffer were extracted using the Zonal Statistics
Raster Analysis tool and exported for descriptive and statistical
analysis in Excel™ and IBM Statistical Package for the Social
Sciences (SPSS) (version 24) (SPSS Inc., Chicago, IL, USA). The
mean L. loa mf prevalence, L. loa mf intensity (including all
individual and village data) and environmental factors were
compared between and within the two regions using the
Mann-Whitney non-parametric test (p ≤ 0.05 significance).
Finally, polynomial regression models including each
bioecological zone and environmental variables were used toFrontiers in Tropical Diseases | www.frontiersin.org 3determine the most important environmental predictor of L. loa
mf prevalence and L. loa mf intensity overall, and within each
region. Polynomials to the 4th power were calculated for
continuous independent variables. Models were built using the
R statistical software package using the ln function.RESULTS
Land Cover Analysis
The L. loamf prevalence distribution in relation to the land cover
type in each bioecological zone is shown in Figures 1A, B. In
Equatorial Rainforest region, the main land cover type in the
DERF and DHERF zones was closed to open (>15%) broadleaved
evergreen or semi-deciduous forest (>5m) Figure 1C. In the
Savannah region, the main land cover type in MF and FS zones
was open (15- 40%) broadleaved deciduous forest/woodland
(>5m) and in the GS zone closed to open (>15%) broadleaved




The L. loa mf prevalence distribution in relation to the
environmental factors is shown in Figures 2A–E. Overall
(n=42 villages), the mean L. loa mf prevalence was 11.6%, and
L. loa mf intensity 927.4 mf/ml, annual temperature 23.7°C,
annual precipitation 2143.2 mm, elevation 790 m, tree canopy
cover 46.7%, and canopy height 19.3m (Table 1). Comparison of
means in the Equatorial Rainforest and Savannah regions, found
no significant differences between L. loa mf prevalence and
intensity, however the Equatorial Rainforest region recorded a
significantly higher annual temperature (3.7°C difference; 1.2
times higher), annual precipitation (792.9mm; 1.4), tree canopy
cover (46%, 2.6), tree canopy height (22m; 3.1) and lower
elevation (939m difference; 5.5 times lower) than the Savannah
region (p<0.000) (Table 1).
In the Equatorial Rainforest region (n=16 villages) the mean
L. loa mf prevalence was 8.3%, L. loa intensity 363.5 mf/ml,
annual temperature 25.9°C, annual precipitation 2634 mm,
elevation 209m, tree canopy cover 75.1%, and canopy height
35.7m (Table 1). Comparison of means between the DERF and
DHERF zones, found no significant differences with L. loa mf
prevalence and intensity, however the DERF zone recorded a
significantly higher temperature (1.1°C difference; 1.04 times
higher), and lower precipitation (262mm difference; 1.1 times
lower), elevation (115m; 1.8), tree canopy cover (3.0%; 1.05) and
tree canopy height (2.7m; 1.08) than DHERF (Table 1). Maps of
the environmental variables in the Equatorial Rainforest region
and 3km buffer extractions are shown in Supplementary File 2.
In the Savannah region (n=26 villages), the mean L. loa mf
prevalence was 13.7%, L. loa mf intensity 1274.5 mf/ml, annual
mean temperature 22.2°C, annual precipitation 1841.1mm,
elevation 1148m, tree canopy cover 29.1%, and canopy height
10.8m (Table 1). Comparison of means between the GS, MF, FS
zones found significant differences with L. loa mf prevalence,May 2021 | Volume 2 | Article 668641
Badia-Rius et al. Loa loa Ecology in CameroonL. loa mf intensity and between all environmental variables
(Table 1). The FS zone recorded the highest L. loa prevalence
(33.3%) and L. loa intensity (3177.2 mf/ml) and recorded a
significantly higher temperature (0.8-4.5°C difference; 1.0-1.2
times higher), and tree canopy cover (7.8-8.8%; 1.3) (p<0.003 -
0.000), and lower precipitation, elevation (138-819m difference;
1.2-2.0 times lower) (p< 0.009 – 0.000) than the other zones
(Table 1). Maps of the environmental variables in the Savannah
region and 3km buffer extractions are shown in Supplementary
File 2.
Model Analysis
The polynomial regression models including the environmental
predictors of L. loa mf prevalence and L. loa mf intensity areFrontiers in Tropical Diseases | www.frontiersin.org 4summarised in Tables 2, 3, respectively (more detailed
information on each model including residual plots is available
in Supplementary File 3).
Overall, bioecological zone alone was found to be a significant
predictor, explaining 65.9% of L loamf prevalence (adjusted R2 =
0.659; p < 0.001) and 40.6% of L loa mf intensity (adjusted R2 =
0.406; p<0.001). However, the residual q-q plots showed that
residuals were not normally distributed, with fat tails consisting
primarily of points within the FS bioecological zone. Given the
wide range of L. loa mf prevalence and intensity within FS
bioecological zone (Table 1) it was unsurprising that
bioecological zone alone was insufficient to explain the mf
variances. Both L. loa mf prevalence and intensity showed a
positive relationship with tree canopy cover within the FS zoneA B
DC
FIGURE 1 | Loa loa mf prevalence distribution in relation to land cover. (A) L. loa prevalance distribution by bioecological zone (B) L. loa prevalance in relation to
land cover (C) Equatorial rainforest sites land cover 3km buffer (D) Savannah sites land cover 3km buffer. DERF, Deciduous equatorial rainforest; DHERF, Dense-
humid equatorial rainforest; GS, Grassland savannah; MF, Mosaic forest savannah; FS, Forested savannah.May 2021 | Volume 2 | Article 668641
Badia-Rius et al. Loa loa Ecology in Cameroon(Figures 3A, C). The addition of tree canopy cover improved the
models, explaining 81.5% of L. loa mf prevalence (adjusted R2 =
0.815; p<0.001) and 60.6% of L. loa mf intensity (adjusted R2 =
0.606; p<0.001), with an improved distribution of residuals. The
analysis of environmental variables, found that tree canopy cover
alone was significant predicator of both prevalence (adjusted
R2 = 0.679; p<0.001), and intensity (adjusted R2 = 0.606;
p<0.001), and that the combination of tree canopy cover and
elevation, explained 79.9% of L loa prevalence (adjusted R2 =
0.799; p<0.001) and 62.1% of L loa intensity (adjusted R2 = 0.621;
p<0.001) but that the addition of elevation did not contribute
significantly to the model of intensity. The relationship between
Loa loa mf prevalence and mf intensity and elevation, and
between tree canopy cover and elevation by bioecological zone
is shown in Figures 3B, D, E.
The same models run in the Equatorial Rainforest region
found no significant environmental predictors (Tables 2, 3).
However, in the Savannah region, the bioecological zones alone
were found to be a significant predictor, explaining 67.7% of L
loa mf prevalence (adjusted R2 = 0.677; p<0.001) and 38.8% of L
loa intensity (adjusted R2 = 0.388; p<0.001). Tree canopy cover
alone was also found to be a significant predictor, explaining
70.7% of L loa mf prevalence (adjusted R2 = 0.707; p<0.001) and
58.1% of L loa intensity (adjusted R2 = 0.581; p<0.001). In this
region, the combination of bioecological zone and tree canopy
cover were also significant predictors, explaining 83.0% of L. loa
mf prevalence (adjusted R2 = 0.831; p<0.001) and 59.6% of L. loa
mf intensity (adjusted R2 = 0.596; p<0.001). The analysis of
environmental variables, also found that the combination of tree
canopy cover and elevation were significant predictors,
explaining 85.1% of L loa mf prevalence (adjusted R2 = 0.851;Frontiers in Tropical Diseases | www.frontiersin.org 5p<0.001). However, the addition of elevation did not improve on
the model containing tree canopy cover alone.DISCUSSION
This study highlights the value of using readily available satellite
data to identify environmental factors associated with high
prevalence and intensity of L. loa microfilaremia, and the
potential risk of SAEs. Global land cover maps helped to
visualise broad-scale differences between the Equatorial
Rainforest and Savannah regions, and comparisons of climate,
topographic and forest-related characteristics between
bioecological zones helped to define their ecological
parameters. The use of regression models identified key
environmental predictors, which could be used further to
refine risk in unmapped remote areas and help national
control programmes direct safe, targeted interventions (26, 27).
Interestingly, the pre-determined bioecological zone was the
most valuable explanatory predictor overall. This suggests that
ecological stratification of districts and/or implementations units,
may be a useful first step in delineating risk within countries (28).
Models using tree canopy cover and elevation were also good
predictors and explained more variation than bioecological zone
alone but were slightly less effective than models combining
bioecological zone and tree canopy cover. However, as elevation
is easily accessible information, it may be a useful alternative to
bioecological zone for predictions of prevalence. Tree canopy cover
and elevation together could be used to define mf prevalence risk
areas, especially in areas with ~30-70% tree canopy cover, which
allow the patchy shaded light through for theChrysops vectors (14).A B
D E
C
FIGURE 2 | Maps of the environmental variables examined with all study locations and their Loa loa mf prevalence. (A) Annual mean temperature (B) Annual
precipitation (C) Elevation (D) Tree canopy cover (E) Canopy height.May 2021 | Volume 2 | Article 668641
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Badia-Rius et al. Loa loa Ecology in CameroonBioecological zone was also the most valuable predictor for
L. loa mf intensity with tree canopy cover adding to the
significance of the model. Overall, models using elevation in
place of bioecological zone did not add to the value of models
using tree cover only. Interestingly, environmental variables do
not seem as predictive for mf intensity, which suggests that other
factors influence this risk such as human susceptibility,
behaviour, village characteristics, and vector species. Studies
based on eye worm history have found an increased risk in
people who visited forested areas more frequently, usually for
work including farming and hunting (29, 30). Villages with more
open clearings have shown to have less transmission, especially
if C. dimidiata is the main vector (31–33). The close proximity
of houses and villages to the vector breeding sites where
people can be bitten and infected, also increases risk at a
micro-level (3, 34).Frontiers in Tropical Diseases | www.frontiersin.org 7The overall models were better at describing the variation in
L. loa mf prevalence than within the Equatorial Rainforest
region, where no adequate models could be found. This may
be because the land cover and environmental parameters were
relatively homogeneous in this region. Unexpectedly, this
extensive dense forested region did not have the highest L. loa
mf prevalence or mf intensity measures. This suggests that the
environment may not be optimal for the local Chrysops species
(14, 34) as the higher temperatures may have slowed larvae
development in the vector (35), higher precipitation flooded
larvae breeding sites (36), higher tree cover blocked the light (37)
and the higher canopy heights too high for adult Chrysops to rest
(38). It may also be that the biting rate and density of Chrysops is
more intense in the Equatorial Rainforest region, which could
induce some partial protective immunity to the population that
limit the mf prevalence and mf intensity compared to theTABLE 2 | Summary of the polynomial models predicting the Loa loa mf prevalence.
Areas included N Variables Adjusted R-squared F-statistic P-value
All 42 Zones 0.659 20.82 <0.001







Equatorial Rainforest 16 Zones No adequate model







Savannah 26 Zones 0.677 27.19 <0.001






0.851 21.31 <0.001May 2021 | Volume 2 | ArticleTABLE 3 | Summary of the polynomial models predicting the Loa loa mf intensity.
Areas included N Variables Adjusted R-squared F-statistic P-value
All 42 Zones 0.406 8.006 <0.001






Elevation did not add significantly to the model compared with tree cover alone
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Badia-Rius et al. Loa loa Ecology in Cameroonforested area of the Savannah where biting rates may not be
sufficient to induce enough protective immune responses (20).
In contrast, when considering the Savannah region alone, the
bioecological zoneprovidedanR2 value of0.677,which increased to
0.815 when tree canopy cover was added as a secondary variable.
The large differences in the model outputs between the two regions
and within the Savannah region alone may be related to the great
variation in land cover and environmental parameters. The maps
and models were able to show that the highest L loamf prevalence
and intensity measures were geographically confined to a unique
forested zone. This highlights the value of defining high risk areas
though environmental delineation, and other studies have found
variation within a defined ecological region (18, 19, 28). In this
forested zone, the temperature, precipitation, elevation, tree canopyFrontiers in Tropical Diseases | www.frontiersin.org 8cover and height parameters were in line with those that favour
Chrysops vectors and likely tohave supported the high transmission
(34–38).
The main limitations of this study were related to the use of
historical data collected from a cross-sectional survey focusing
on five pre-determined zones, and the climate and forest-related
data derived from broad-scale models. This may not reflect
current conditions, and highlights that there is a need for up-
to-date nationwide mapping, using standardised parasitological
methods, representative sampling at community-level, and
ecological stratification to identify high risk ‘hotspot’ areas.
Further, the data used in this study do not allow for temporal
or seasonal analysis, and it is possible that the use of more




FIGURE 3 | Relationship between Loa loa mf prevalence, mf intensity, tree canopy cover and elevation by bioecological zone. (A) Loa loa prevalance and tree canopy
cover (B) Loa loa prevalance and elevation (C) Loa loa intensity and tree canopy cover (D) Loa loa intensity and elevation (E) Elevation and tree canopy cover.May 2021 | Volume 2 | Article 668641
Badia-Rius et al. Loa loa Ecology in Cameroondifference vegetation index (NDVI) (16), may have increased the
significance of the results. Notwithstanding, these limitations, we
used readily accessible data and reproducible methods so that
similar or larger scale studies can be conducted and compared to
increase our understanding of loiasis transmission drivers.
Importantly, the study highlights that environmental analysis
can help delineate risk at different geographical scales, which
may be practical for developing larger scale operational plans for
mapping and implementing safe effective interventions.DATA AVAILABILITY STATEMENT
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